Abstract The martensitic transformation of austenite as well as the reversion of martensite to austenite has been reported to significantly improve mechanical properties of steels. In the present work, three dimensional (3D) elastoplastic phase-field simulations are performed to study the kinetics of martensite reversion in stainless steels at different annealing temperatures. The input simulation data are acquired from different sources, such as CALPHAD, ab initio calculations, and experiments. The results show that the reversion occurs both at the lath boundaries as well as within the martensitic laths, which is in good agreement with the experimental observations. The reversion that occurs within the laths leads to splitting of a single martensite lath into two laths, separated by austenite. The results indicate that the reversed austenite retains a large extent of plasticity inherited from martensite.
Introduction
Stainless steels have become one of the key engineering materials, due to their high strength and corrosion resistance. The high strength of stainless steels is mainly due to the high strength constituent, i.e., martensite. The high strength of martensite is attributed to the strong solid solution strengthening effect of carbon as well as the complex martensitic microstructure. Martensite can form athermally [1, 2] i.e., by rapid quenching of steel, isothermally [3] , i.e., by holding the steel at a constant temperature close to the martensite start temperature, stress-assisted, i.e., by application of elastic stress [4, 5] , and strain-induced [6, 7] , i.e., by plastic deformation.
Austenitic stainless steels are known for their formability, although their yield strength is relatively lower compared to that of other steel grades. There has been significant interest in developing steels that have both high strength and high ductility. Many strengthening mechanisms, such as transformation induced plasticity (TRIP), twinning induced plasticity (TWIP), and maraging (i.e., hardening of martensite through intermetallic precipitate formation during aging heat treatment) effects have been reported to enhance both strength and ductility of steels, e.g., TRIP and maraging-TRIP steels [8] [9] [10] [11] .
Grain refinement is also considered to be an effective strengthening mechanism that can significantly increase the yield strength of steels without affecting their ductility. Although grain refinement can be achieved through recrystallization, the minimum grain size is limited to 10 lm due to the high recrystallization temperature of austenitic stainless steels [12, 13] . Sub-micron and nano-sized grains, obtained by the reverse phase transformation of martensite to austenite through annealing, have been reported to significantly improve mechanical properties [12, [14] [15] [16] [17] [18] . Reversion of martensite to austenite has also been reported to cause grain boundary strengthening, i.e., the resistance offered by the grain boundaries to crack propagation [19] . Raabe et al. [19] have shown that the segregation of alloying elements at the grain boundaries can cause reverse phase transformation of martensite to austenite and leads to grain boundary strengthening effect through the formation of a thin film of reversed austenite along the grain boundaries as well as in between martensite laths in a maraging steel. Apart from the grain refinement and grain boundary strengthening, martensite reversion also leads to a high dislocation density of reversed austenite, inherited from the parent martensite, which is also considered to be an important factor in improving the strength of steel [20] [21] [22] . Hence the combination of heat treatment coupled with phase transformation, i.e., reversion of martensite to austenite, is considered to be an important strengthening mechanism [19] [20] [21] [22] .
The strengthening effect due to reversion of martensite also depends on the mode of formation of martensite, i.e., athermally or strain-induced [20] . The reversion can either occur at the austenite-martensite interfaces or within the martensite laths [21, 23] . It has been reported that the mechanism of reversion depends on the composition, i.e., reversion can take place by shear mechanism in 301 type steel [17] and by a diffusional mechanism in 301LN steel [24] . A third type of mechanism (mixed-mode) has also been reported, where the nucleation and further growth of the new phase occur by diffusionless and diffusional mechanisms, respectively [8, 25] . Thus, there is strong interest in studying the reversion process and its kinetics as these contribute to the overall understanding of the structure-property relations of stainless steels.
The phase-field method (PFM) [26, 27] has been successfully used to study microstructure evolution during martensitic transformations . Elastoplastic phasefield simulations have shown the microstructure evolution during the athermal [29, 34, 36, 39] , stress-assisted [41, 43] , and strain-induced martensite [45] formation in steels. However, PFMs have so far not been used to study the microstructure evolution during martensite reversion.
In the present work, 3D phase-field simulations of the reversion of athermal martensite by shear mechanism are performed by considering a single crystal of a 301 type stainless steel with an alloy composition of Fe-17 %Cr-7 %Ni, expressed in weight percent. The input data for the simulations are acquired from different sources, such as experiments, CALPHAD method to calculate the thermodynamic data, and the ab-initio method to calculate elastic constants, in order to ensure a physically based model. Our results show that the reversion rate of martensite is a function of the annealing temperature and time. Our results also show that at low temperatures, reversion occurs predominantly at lath boundaries, and at high temperatures, it occurs both at the lath boundaries as well as inside the laths.
Phase-field model
A brief overview of the phase-field model used here to simulate the athermal martensitic transformation as well as the reversion is presented below, detailed derivations can be found in [34, 43] .
The microstructure evolution is governed by the phasefield equation:
where dG dg q is a variational derivative that serves as a driving force for the formation of martensite denoted by the phasefield variable g q , v is the total number of martensite domains, and L pq is a matrix of kinetic parameters.
From a physical point of view, the Gibbs energy consists of three parts:
where G V chem corresponds to the chemical part of the Gibbs energy density of an unstressed system at the temperature under consideration. G V grad is the extra Gibbs energy density caused by the interfaces. G V el is the elastic strain energy density that arises due to the elastic strain induced into the material due to the transformation.
The chemical part of the Gibbs energy density G v chem , expressed as a Landau-type polynomial [34, 35] , is given by
where V m is the molar volume, and the coefficients A, B, C are expressed in terms of Gibbs energy barrier and the driving force [34] . From a crystallographical point of view, martensite can be formed in 24 different crystallographic variants, which can be grouped into three main groups known as Bain groups [49] [50] [51] . Hence we consider three phase-field variables that represent the three Bain groups, which can represent all the martensite variants. The gradient energy density term, G V grad as presented in [35] , can be expressed as
where r(x,y,z) is the position vector expressed in Cartesian coordinates. b ij is the gradient coefficient matrix expressed in terms of the interfacial energy, molar volume, and Gibbs energy barrier. The elastic energy density term G V el can be expressed as where pl kl ðrÞ is the plastic strain. The plastic strain comes into existence only when the elastic stress exceeds the yield limit and the material undergoes plastic deformation, which acts as a relaxation of the elastic stress. The evolution of the plastic strain field is governed by the following equation [34, 46, 52] 
where c ijkl -1 denotes the compliance tensor, and k is a parameter, which controls the rate at which the elastic stresses are relaxed by means of plastic deformation and is called plastic relaxation rate.
Finally, the total strain is calculated by solving the mechanical equilibrium equation
The anisotropic elastic properties of different phases are taken into account by considering different tensors of elastic constants c ijkl for different phases. In order to consider different c ijkl , an expression as shown in Eq. (12) is employed such that for a given phase, i.e., g p = 0 or g p = 1, the corresponding tensors of elastic constants c ijkl FCC or c ijkl BCC are considered, respectively, whereas in the interface, a weighted c ijkl that depends on the weight yielded by the phase-field variable is considered.
As both the phases are of cubic structure, both the tensors are expressed by Eq. (13) [53] , although the values of the elastic constants in the two tensors are different. 
Simulation data Table 1 shows all the simulation data. More details are presented in Appendix A.
Simulations
A pure austenite single crystal is allowed to transform athermally, until 40 % volume fraction of martensite is obtained. Thereafter, the simulation is continued with a constant reduced driving force, which corresponds to a particular annealing temperature. This is similar to inserting a steel sample with 40 % volume fraction of martensite into a pre-heated furnace, which is maintained at a constant annealing temperature. Once the annealing starts, the Plastic relaxation rate (k) = 5 GPa
temperature increases, and thus, the available driving force for martensite formation decreases. As austenite becomes stable at high temperatures, the increase in temperature, i.e., reduced driving force, favors austenite formation and leads to the decay of the existing martensite. Thus, different simulations are performed with different driving forces, i.e., at different annealing temperatures, by starting with the 40 % athermal martensitic microstructure. The different annealing temperatures considered are 705, 830, 910, 975, and 1010 K.
As the basic concept of PFM is to minimize the Gibbs energy, the phase with the minimum net Gibbs energy under a given set of thermo-mechanical conditions becomes stable and the unstable phases start to decay. The annealing temperature, which affects the chemical driving force, changes the local conditions, i.e., stresses in the material. The stresses, in turn, either increase or decrease the net available driving force for the formation of a specific phase. Thus, the net available driving force prevailing under the local thermo-mechanical conditions determines the most favorable (stable) phase, i.e., either austenite or martensite. Hence, phase reversion can be simulated in a similar way as phase transformations. However, the grain growth that occurs during annealing treatments has not been considered in this work. Hence the grain boundaries of the austenite single crystal, i.e., boundaries of the simulation domain, are considered to be clamped.
Results and discussion

Microstructure evolution
Athermal microstructure Figure 1 shows the athermal martensitic microstructure evolution. The three different martensite variants are shown in red, blue, and green colors. Autocatalysis, i.e., nucleation of martensite variants in order to minimize the elastic strain energy, can be observed. Lath martensitic microstructure is observed in the simulations, which is in good agreement with experiments on 301-type stainless steels [54, 55] . The top view of the microstructure obtained at t* = 120 (Fig. 1c) is presented in Fig. 1d , where the three different variants appear together in groups. Figure 2 shows the volume fractions of martensite obtained during the athermal martensitic transformation as well as during the reversion at different temperatures.
Reversion at 705 and 830 K
The microstructure evolution at 705 and 830 K is strikingly similar, although the reversion kinetics is slightly faster at 830 K compared to that at 705 K, and hence only the microstructure evolution at 830 K is shown in Fig. 3 . The reversion kinetics in the temperature range of 700-830 K is slow, and only a small volume fraction of martensite reverts to austenite. Figure 2 shows that even after holding, the material at these temperatures for a longer time relative to that at higher temperatures, the decrease in martensite volume fraction is small. The reversion occurs at the lath boundaries, as indicated by the arrow in Fig. 3 , which is in good agreement with [21, 23] . The lath boundaries and the austenite-martensite interfaces are the areas where a low nucleation energy is sufficient to overcome the transformation barriers [56] . The driving force available for austenite formation at low temperatures, such as 705 and 830 K, is low and only sufficient for reverting the martensite laths at their interfaces.
Reversion at 910 K
The microstructure evolution at 910 K is shown in Fig. 4 . Reversion initiates at the lath boundaries (1-4 in Fig. 4 ) and proceeds inward, which then splits a single lath into two independent laths (3). The reversed austenite nucleates at energetically favorable sites, such as martensite interfaces [19] . As the driving force available at higher temperatures is sufficient to move the phase interface through the martensite as well as for overcoming the large transformation barriers at the center of the laths, reversion occurs both at lath boundaries and inside the laths. As martensite reverts to austenite by a shear mechanism in 301-type steels [17] , we have only considered the interfacecontrolled growth mechanism [25] in our work. However, other growth mechanisms, i.e., diffusional-controlled or mixed-mode, have been observed in other steels [8, 25] .
The above results are in good agreement with experimental observations of Guy et al. [21] and Lee et al. [23] . However, the experiments indicate that, in some cases, austenite nucleates directly within the martensite laths rather than form by the movement of shrinking lath boundaries [21] . Dmitrieva et al. have reported, using atom probe tomography, that the aging-induced reversed austenite could form on the existing retained austenite [8] . Our results show that reversion initiates at the lath boundaries that are also in contact with retained austenite (Fig. 4) .
Moreover, as time progresses, some variants grow at the expense of others that have a different orientation (5 in Fig. 4) . As the local stresses in the material vary during annealing, the variants oriented such that the internal stresses are minimized will grow, and the others will decay. Figure 2 shows that by annealing the steel for a longer time at 910 K, a large volume fraction of martensite can be reversed to austenite. An increased number of martensite variants revert to austenite, as the holding time increases, Fig. 4a-c . The martensite lath, in red color, in the center of the microstructure seems to be unaffected in Fig. 4a, b , whereas other areas in the microstructure have already started to revert. However, with increased holding time, reversion takes place in the unaffected lath as well, Fig. 4c . The local conditions, such as transformation barriers and local stresses (111) c plane is shown in white color. Reversion occurs at the lath boundaries (1-4) and proceeds inward of laths (3). Some variants grow at the expense of other variants (5) that increase/decrease the net driving force, can readily favor austenite formation in some areas of the microstructure, whereas the others need some incubation time, until the local conditions are favorable for austenite formation. Figure 5 shows the von Mises equivalent stress plots corresponding to the microstructures shown in Fig. 4 . The von Mises equivalent stresses are inhomogeneous in different areas of a given lath (arrow in Fig. 5a ). Figures 4a (3) and 5a (arrow) show that the areas of reversion, at lath boundaries, are the highly stressed regions in a given lath. This can be due to several reasons, such as: change in crystal structure, volume change, resistance offered by the plastic strains (dislocations) in the martensite to the moving phase interface. The stresses increase as reversion progresses, Fig. 5b . When the reversion is close to completion, the stresses decrease, as shown in Fig. 5c , as the material has overcome the above mentioned barriers.
In the absence of gradient energy, a schematic of the variation in the Gibbs energy, i.e., G m = G chem ? G el , with phase-field variable (variant-3, i.e., g 3 ) is plotted in Fig. 6 , which shows the effect of annealing temperature as well as the internal stresses on the stability of martensite. At martensite start temperature M s , and in the absence of internal stresses, i.e., G el = 0, martensite (g = 1) is the stable state (lower curve), due to the large driving force available for the formation of martensite. However, at an annealing temperature of 910 K and in the presence of internal stresses, i.e., G el ¼ r ij 00 ij , the Gibbs energy minimum is shifted upwards and austenite (g = 0) becomes the stable state (upper curve). The upper curve represents only the local G m , i.e., only in the areas where reversion of martensite occurs (3 in Fig. 4) . The values of internal stresses, predicted by our model, i.e., r xx = -1250 MPa, r yy = -625MPa, r zz = -1560 MPa, and the Bain strains corresponding to g 3 , i.e., Eq. (7) and Table  1 , are considered in the calculation of G el for the upper curve. Figure 6 shows that the local thermo-mechanical conditions in the material play a dominant role in determining the stability of a phase.
Reversion at 975 and 1010 K
The microstructure obtained during reversion at 975 and 1010 K is strikingly similar, and hence only the microstructure evolution at 975 K is shown, from a side view, in Fig. 7 . The reversion starts at lath boundaries and proceeds, until the lath (arrow) is split into two independent laths (Fig. 7d) , similar to that shown in Fig. 4 . As austenite is stable at higher temperatures, the driving force becomes large enough to revert the center parts of martensite laths, as explained above.
From Fig. 2 , in order to obtain approximately same volume fractions of martensite at 975 and 910 K, half of the annealing time needed at 910 K is sufficient at 975 K. Moreover, the volume fraction curves for 975 and 1010 K almost follow the same trend, although the reversion kinetics is slightly faster at 1010 K compared to that at 975 K.
Retained plasticity Figure 8 shows the microstructure during reversion at 975 K as well as the corresponding von Mises equivalent (111) c plane. The equivalent stresses increase during the initial stages of reversion and then decrease during the later stages Fig. 6 Schematic showing the effect of internal stresses on the thermodynamics of martensite stability and austenite formation. In the absence of internal stresses, martensite (g = 1) is the stable state (lower curve). In the presence of internal stresses, the energy minimum is shifted upward, and austenite (g = 0) becomes the stable state (upper curve) J Mater Sci (2014) 49:3642-3651 3647 plastic strain plots. As the reversion of martensite occurs, the microstructures shown in Fig. 8a -c are different. However, the von Mises equivalent plastic strain plots, Fig. 8b, d , corresponding to the microstructures shown in Fig. 8a , c, respectively, are almost identical. This indicates that the irreversible plastic strains that are generated due to the martensitic transformation are retained in the reversed austenite. As the plastic strains correspond to the dislocation density [36] , it can be stated that a large amount of dislocations are retained from martensite to the reversed austenite, which is in good agreement with experimental observations [12, 14, 15, 17, 20, 22] . As the reversion proceeds by shear, it is so rapid that a large amount of plastic strains (dislocations) get trapped and are retained in the reversed austenite.
Conclusions
Our results show that the reversion rate of martensite is a function of the annealing temperature and time, in agreement with [12, 14, 23] . Although the material is annealed for a long time at lower temperatures, i.e., 705 and 830 K, a negligible fraction of martensite reverts to austenite. At higher annealing temperatures, reversion is fast, and almost half the volume fraction of martensite reverts to austenite. Our results also indicate that at low temperatures, reversion occurs predominantly at lath boundaries, and at high temperatures, it occurs both at the lath boundaries as well as inside the laths, which is in good agreement with the experimental observations [21, 23] . Our simulations show that reversion starts at the lath boundaries and with increased annealing time, it proceeds inwards and splits the lath into two independent parallel laths. At low temperatures, the driving force for austenite formation is low, and it is only sufficient to revert martensite at the lath boundaries or austenite-martensite interfaces, where a low nucleation energy is sufficient to overcome the transformation barriers. At high temperatures, as the driving force for formation of austenite is sufficient to overcome the large transformation barriers at the center of the lath, reversion occurs inside the laths as well.
We also observe that some areas of the microstructure revert earlier compared to others. The local conditions, such as transformation barriers and local stresses that increase/decrease the net driving force, can readily favor austenite formation in some areas of the microstructure. However, other areas need some incubation time, until the local conditions are favorable for austenite formation.
The von Mises equivalent stress plots show that the areas of reversion are highly stressed regions inside a given lath. The stresses increase as reversion progresses and decrease toward the completion of reversion. The equivalent plastic strain plots show that the reverted areas retain a large amount of plasticity generated during the martensitic transformation, which is in good agreement with experimental observations [12, 14, 15, 20, 22] . plane. a Microstructure at t* = 121. b von Mises equivalent plastic strain plot at t* = 121. c Microstructure at t* = 137. d von Mises equivalent plastic strain plot at t* = 137. A change in the microstructure can be seen due to reversion, whereas the equivalent plastic strain plots are almost identical indicating that a large amount of plasticity is retained from martensite to austenite Reversion kinetics and retained phases are also important in metals such as Ti and Zr that undergo a (hcp) to x (hexagonal) martensitic transformation under shock loading [57, 58] . As the peak stress associated with the shock increases, the volume fraction of the product phase in the recovered microstructure, under ambient conditions, also increases. Whether all the a transforms to x and then some of it reverts back is a question of interest that can be answered by means of dynamic insitu probes and PFMs. Our work provides insight into possible reversion mechanisms for these metals, and hence future studies in this direction are needed. Our work can also be useful in further understanding the novel concept of segregation engineering [19] . 10. The yield limits considered for austenite and martensite are r y aust = 500 MPa [63] and r y mart = 800 MPa [64] , respectively. 11. k in Eq. (10) is determined from the simulations such that the growth of martensite starts at the experimental M s temperature. 12. Iso-surfaces of the phase-field variable (g = 0.5) are shown in all the figures. The red-, blue-, and greencolored iso-surfaces of the phase-field variables correspond to martensitic variants-1, 2, and 3, respectively. t * indicates the dimensionless time. 13. As the experimental data related to the mobility of the martensitic interface are ambiguous, the matrix of kinetic parameters L pq in Eq. (1) that governs the mobility of the martensitic interface is considered to be the identity matrix. A non-identity matrix of the interface mobility data might lead to slightly anisotropic microstructure. The interface mobility could probably be calculated by molecular dynamics simulations. 14. The entire mathematical formulation, explained above, is solved by using tetrahedral finite elements and by using Dirichlet boundary conditions. Computations are performed on different meshes having grid points ranging from 50 9 50 9 50 up to 150 9 150 9 150 using FemLego software [65, 66] . The results remained unaffected even with a denser grid and hence all the simulations are performed on a 50 9 50 9 50 mesh.
